Background Objective measures of physical activity calibrated against energy expenditure may have limited utility in studying relationships with musculoskeletal phenotypes. We wished to assess an alternative approach using an accelerometer calibrated according to impact loading.
Introduction
Objective measures of physical activity (PA) are widely used in epidemiological studies, since questionnaires providing information about day-to-day PA and exercise may be unreliable, particularly when applied to child populations. 1 For example, an Actigraph device has been employed in the Avon Longitudinal Study of Parents and Children (ALSPAC) to study relationships between PA and childhood obesity, for which it is well suited; results can be extrapolated to beyond the period when worn, 2 and the output is calibrated in terms of energy expenditure 3 and strongly related to fat mass. 4 Using this approach, PA has been defined as light, moderate or vigorous, based on the thresholds of 3600 and 6200 cpm, reflecting the transition from normal to brisk walking, and brisk walking to jogging, respectively. 3 In our recent study, we found that vigorous activity is more strongly related to fat mass compared with less intense activity. 5 Acceleration sensors have also been used to examine relationships between PA and musculoskeletal phenotypes, based on the accelerations along the vertical axis, which provide a measure of skeletal loading. Such research has relevance for other important health outcomes, particularly those related to ageing, such as sarcopenia and osteoporosis. This approach has been fruitful, demonstrating that habitual PA is positively related to lean mass, 5, 6 bone mass [5] [6] [7] [8] and other measures of bone strength. [9] [10] [11] The Actigraph output, comprising number of counts over a given time frame, integrates both frequency and magnitude of acceleration events, making it impossible to separate out exposure to accelerations according to their magnitude. This limited information about exposure to specific accelerations is compounded by the fact that accelerations beyond 2.5 g above gravitational force (where 1 g ¼ earth's gravitational force) are filtered out. Based on a previous study in premenopausal women, whereas activities such as walking (0.3-1.0 g) and stepping (1.1-2.4 g) generate g-forces below this threshold, jogging (2.5-3.8 g), running (3.9-5.3 g) and jumping (5.4-9.2 g) produce considerably higher forces. 12 This inability of the Actigraph to detect exposure to rare high magnitude accelerations limits analysis of relationships between habitual PA and musculoskeletal outcomes such as bone strength, since the latter primarily responds to the small proportion of relatively high magnitude forces and impacts. For example, laboratory studies demonstrate a strong dose-response between mechanical strain and bone formation and resorption, 13, 14 and a recent meta-analysis found that exercise regimens that produce impact loading are associated with greater bone mineral density (BMD) levels and thus bone strength. 15 The newer generation of accelerometers record vertical accelerations across a wide range of predetermined g-bands, with the number of counts representing the number of acceleration events of a specific magnitude, allowing exposure to rare high impact events to be separately recorded. For example, in an exercise intervention study, increments in femoral neck BMD were related to counts of vertical accelerations related to high impacts, as assessed in 64 premenopausal women wearing a Newtest device (Newtest Oy, Oulu, Finland). 12 In the present study, we examined whether such an approach might prove accurate in evaluating PA in relation to musculoskeletal and adiposity outcomes in a population-based setting. Specifically, we wished to determine whether, having used a Newtest device to partition physical activity exposure into light, moderate and high impact bands, musculoskeletal outcomes like lean mass show a stronger association with high impact activity, when compared with fat mass where the relationship with PA is largely governed by calorie consumption.
Methods
Study participants ALSPAC is a geographically based birth cohort study investigating factors influencing health, growth and development of children. All pregnant women residents within a defined part of the former county of Avon in South West England with an expected date of delivery between April 1991 and December 1992 were eligible for recruitment, of whom 14 541 were enrolled 16 (http://www.alspac.bristol.ac.uk). Ethical approval was obtained from the ALSPAC Law and Ethics committee and relevant local ethics committees. Written informed consent was provided by all parents and young people provided written assent. Data were collected by self-completion postal questionnaires sent to parents by linkage to computerized records, abstraction from medical records and from examination of the children at research clinics.
Newtest accelerometer measurements in ALSPAC
The present study was based on the research clinic held for those at $17 years of age, between December 2008 and June 2011, to which all ALSPAC members were invited. Those who agreed to wear an accelerometer were fitted with a version of the Newtest monitor produced for this study. This uniaxial device recorded the number of accelerations within 33 separate bands across the range of 0.3-9.9 g above gravitational force (1 g), over the period the monitor was worn, as previously described for other research applications. 12 Each single acceleration measured in any band is recorded as a single count. Participants were asked to wear it for seven consecutive days during waking hours and take it off only at times when it might get wet or for contact sports. Participants were asked to record a diary when the monitor was worn, a valid recording being defined HIGH IMPACT ACTIVITY AND LEAN MASS as a minimum of 8 h recording per day for 2 days. Since the monitor did not have an internal clock, we used number of days the monitor was worn, based on diaries, as the denominator when calculating number of counts/day.
Other data
Data on lean and fat mass were obtained from total body DXA scans performed on a Lunar Prodigy at the same clinic visit. Height was measured using a Harpenden stadiometer (Holtain Ltd., Crymych, UK). Maternal social class was derived from a self-report questionnaire at 32 weeks' gestation.
Classification of output from the Newtest accelerometer
To enable counts in different g-bands to be partitioned according to intensity, we recorded the output of the Newtest during a range of supervised activities in a separate group of schoolchildren. After providing informed consent, 22 children uninvolved in ALSPAC were asked to wear both Newtest and GT1M Actigraph devices. Participants were recorded during sitting (3 min), normal walking, brisk walking, jogging/running and jumping. Participants completed four laps around an indoor jogging track (118.4 m) at a steady pace for normal walking (mean 4.7 km/h), brisk walking (mean 6.2 km/h) and jogging/running (mean 11.3 km/h). For the jumping activity, participants performed repeated two-footed jumps off a 38 cm high ledge for 3 min.
Statistical methods
Raw data from both activity monitors was read into STATA 11.2 MP (College Station, TX, USA) using custom-designed code. Thresholds identified above were applied to the Newtest output and median (þinter-quartile range) number of light/moderate/high impact counts per subject was subsequently calculated, expressed as number of counts/day across each impact band. Separate regressions were used to assess the relationship between activity counts and fat mass and lean mass, which were adjusted for height þ maternal social class. For regression analyses, fat mass and activity data were normalized by log transformation. Further models were examined in which fat mass was adjusted for lean mass and vice versa, and activity adjusted for that in adjacent bands.
Results

Participant characteristics
Of the 5084 adolescents attending the ALSPAC research clinic at the age of 17 years, 3925 were asked if they would wear an accelerometer, of whom 2472 agreed; the monitor was available for 1390 participants ( Figure 1 ). Of the 1175 subjects who returned the monitor, this was damaged or non-functional in 22 cases, returned unworn in 189 cases and returned either without a completed diary or with a diary indicating that it had been worn for <8 h/day for 2 days (n ¼ 232). This left 756 participants with valid recordings, of whom 732 (295 boys) had information about covariates, with a mean age of 17.7 years (Table 1) . Accelerometers were worn for a mean of 5.8 days. As expected, boys were taller and had greater lean mass, whereas fat mass was higher in girls. Those included in this study had a higher socio-economic status 
Classification of outputs from the Newtest accelerometer
In the classification study, 22 local schoolchildren uninvolved with ALSPAC (mean age 17.1 years, 15 boys) participated (Table 2 ). In contrast to normal walking, brisk walking (i.e. moderate impact) was associated with an increase in counts within bands 41 g, whereas jogging/running (i.e. high impact) led to an increase in counts within bands 42 g (Figure 2 ). Jumping (i.e. very high impact) was associated with a biphasic pattern, namely an increase in counts within bands <2 and 45 g (of which the former Characteristics of 732 ALSPAC participants in the accelerometer study (295 boys, 437 girls). Social class data n ¼ 595. 
PA in ALSPAC
Classifying activity in this way, the median number of counts accrued per day in the 732 ALSPAC participants (Table 1) . There was a profound fall in number of counts on moving from lower to higher impact activity. For example, the number of counts relating to high band activity was $2% of that relating to light activity. The extent of activity recorded within any given impact band was strongly related to that in adjacent impact bands, as reflected by r ¼ 0.78 and r ¼ 0.75 for the correlations between light vs moderate and moderate vs high impacts, respectively.
PA vs lean mass
Light impact activity was not related to lean mass. However, a positive relationship was observed with higher impact activity, with a progressive increase in b-coefficients in analyses based on boys and girls combined, on moving from light through to high (Table 3) . Although regression coefficients were generally higher in girls, formal gender interaction tests were all P40.1. Similar results were obtained after adjusting for socio-economic positions Figure 2 Impact profile of 15 boys and 7 girls undergoing a range of different supervised activities as shown. Each bar represents the sum of counts accrued within that g-band for all subjects combined on a logarithmic scale (our unpublished findings). We examined a further model adjusted for height, fat mass and other activity bands. There was a positive relationship between lean mass and high impact activity in girls and in boys and girls combined, whereas no independent association was observed with light or moderate impact activity (Table 3) .
PA vs fat mass
Light, moderate and high impact activities were inversely related to fat mass in our minimally adjusted model (Table 3) . These relationships became weaker on moving from light to moderate to high impact activity, as reflected by decreasing beta coefficients. The inverse association between PA and fat mass was largely restricted to girls, with evidence of a gender interaction in the case of moderate and high impact activity (P ¼ 0.005 and P ¼ 0.04, respectively). Similar results were obtained after adjusting for socio-economic positions (our unpublished findings). In a further model adjusted for height, lean mass and other activity bands, an inverse association was observed between fat mass and moderate impact activity in girls (P ¼ 0.001 for gender interaction), whereas there was no association with light or high impact activity (Table 3) .
Discussion
To our knowledge, this represents the first study to evaluate PA according to the degree of impact in a population-based setting. Based on a sample of 732 adolescents, we found that only a small proportion of activity comprised high impacts ($2% that of light impacts), and that more boys participated in high impact activity than girls, consistent with descriptions of vigorous PA as characterized by the Actigraph. 5 However, in contrast to results of the latter study, PA appeared to show a distinct relationship with fat and lean mass, since lean mass was more strongly related to higher impact activity, whereas fat mass was more strongly related to lower impact activity. In spite of this apparent difference compared with use of the Actigraph, there was surprisingly good agreement between Newtest and Actigraph outputs For associations with fat mass, there was evidence of a gender interaction in the case of moderate and high impact activity (P ¼ 0.005, P ¼ 0.04, respectively). Fully adjusted model: for lean mass, formal gender interaction tests for light impact was P40.1, whereas moderate and high impact activity were P ¼ 0.05. In the case of fat mass, there was evidence of a gender interaction for moderate and high impact activity (P ¼ 0.001, P ¼ 0.01, respectively), but not for light-impact activity (P ¼ 0.13).
HIGH IMPACT ACTIVITY AND LEAN MASS
as recorded in a small number of ALSPAC participants (our unpublished observations). Our observation that the relationship between PA and lean mass is greatest for higher impact activities is consistent with the fact that activities such as jumping are closely related to muscle strength. 17 This would appear to represent a distinction from fat mass, which was more strongly related to low and moderate impact activity, suggesting that use of the Newtest accelerometer enables relationships between PA and fat mass to be distinguished from those with musculoskeletal phenotypes. This conclusion was supported by findings from models adjusted for other activity types, in which a positive relationship with lean mass was only observed for high impact activity, whereas an inverse association with fat mass was only seen for moderate activity (confined to girls). However, due to strong correlations between adjacent activity bands, the apparent disappearance of effects may in part have been due to issues related to colinearity such as variance inflation and the spreading of the effects across correlated predictors with different measurement error properties.
One implication of our results is that although effective at reducing obesity, current recommendations to promote PA by targeting low impact activity like walking 18 may have little effect on the musculoskeletal system, which may require exposure to higher impacts resulting from activities such as jogging, running or jumping. For example, based on our fully adjusted model, moving from the 25th to 75th centile of high impact activity is predicted to lead to a 0.1 SD increase in total body lean mass. Our findings may have particular relevance to skeletal development, optimization of which may be important in reducing the risk of osteoporosis in later life. 19 Although the present study was limited to analysing lean mass, we plan to extend our analyses to examine relationships with other musculoskeletal phenotypes available in ALSPAC, including hip DXA and tibial pQCT scans.
The inverse association that we found between PA and fat mass is consistent with previous observations based on Actigraph data. 4 However, the present observation that medium impact activity was inversely related to fat mass in girls, whereas no association was seen for high impact activity in fully adjusted analyses, contrasts with findings from our previous study based on the same cohort at the age of 15 years, where the relationship between fat mass and activity as assessed by Actigraph was predominantly with the extent of vigorous activity. 5 This difference may in part reflect the differences in signal conditioning between the Actigraph (low-pass filtered counts) and the Newtest device (full spectrum), as exemplified by activities such as jogging, which will largely be captured within the 46200 cpm band as used to define vigorous intensity on the Actigraph, whereas many of the counts accrued by the Newtest device will be in the moderate impact band (Figure 2 ). The present results also differ from our previous findings in that fat mass was most strongly related to activity in females. This may have reflected a combination of lower statistical power in males due to smaller numbers, particularly for analyses involving adjustment for multiple factors.
Limitations
Participants were not necessarily representative of the population as a whole. Evidence that participants were of higher social class than other ALSPAC members who did not participate is consistent with this view. The fact that we were unable to measure PA during activities such as contact sports when accelerometers need to be removed applies to other studies of this type, including our previous investigations based on the Actigraph. One particular limitation is the reliance on accurate use of the timesheet (for measurement of time worn) owing to the lack of an internal clock in the Newtest device. A further limitation is that impact bands used in the present study did not directly map onto those previously developed for use in premenopausal women, 12 in part to facilitate analysis of relationships between Newtest and Actigraph data.
Conclusions
We used a Newtest device to record PA in a population-based study of adolescents. In contrast to conventional approaches, this enables PA to be partitioned according to level of acceleration. We found that high impact activity was relatively rare in adolescents, comprising only 2% of the time spent with light activity. Boys were more active compared with girls, particularly for high impact activity. The extent of PA was inversely related to fat mass and positively related to lean mass. Interestingly, these relationships differed according to impact level, such that high impact activity was related to lean but not fat mass. We conclude that an accelerometer that accurately assesses impact bands may provide additional, more relevant information than conventional accelerometers about the relationship between day-to-day PA and musculoskeletal outcomes. 
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